Abstract. The transport of f3-galactosides by isolated membrane preparations from Escherichia coli strains containing a functional y gene is markedly stimulated by the conversion of D-lactate to pyruvate. The addition of D-lactate to these membrane preparations produces a 19-fold increase in the initial rate of uptake and a 10-fold stimulation of the steady-state level of intramembranal lactose or thiomethylgalactoside. Succinate, DL-a-hydroxybutyrate, and Llactate partially replace D-lactate, but are much less effective; ATP and P-enolpyruvate, in addition to a number of other metabolites and cofactors, do not stimulate lactose transport by the vesicles. Lactose uptake by the membrane preparations in the presence of D-lactate requires oxygen, and is blocked by electron transport inhibitors and proton conductors; however, uptake is not significantly inhibited by high concentrations of arsenate or oligomycin. Furthermore, the P-enolpyruvate-P-transferase system is not involved in ,3-galactoside transport by the E. coli membrane vesicles. The findings indicate that the 3-galactoside uptake system is coupled to the membrane-bound D-lactic dehydrogenase via an electron transport chain but does not involve oxidative phosphorylation.
toside transport system to the membrane-bound D-lactic dehydrogenase and describes the general properties of the,3-galactoside accumulation system in isolated bacterial membranes. Evidence is presented which indicates that electron transport, in the absence of oxidative phosphorylation, is required for , 3- galactoside uptake by the membrane vesicles. Furthermore, evidence is also presented which demonstrates that the P-enolpyruvate-P-transferase system is not involved in this transport mechanism.
Methods. Whole cells: E. coli ML 308-225 (i-z-y+a+) was grown on medium A7 containing 0.4% succinate or glycerol. The ML 30 strain (i+z+y+a+) was grown on the same glycerol minimal medium and where indicated 0.5 mM isopropyl-f-D-thiogalactopyranoside (IPTG) was added as inducer. E. coli GN-2 (i-z+y+a+, Enzyme I-) was grown as described previously. 8 Membrane preparations: Membranes were l)reparedl by methods already described. [8] [9] [10] Uptake studies: The assay methods for methyl-a-D-glucopyranoside (a-IG) uptake by isolated membrane preparations have been reported.8 The assay for 0-galactoside uptake was identical to that described for amino acids. 6 Enzyme assays: D-Lactic dehydrogenase and succinic dehydrogenase activities in the membrane preparations were assayed by a procedure reported earlier. 6 Identification of accumulated lactose or TMG: Membrane samples that had accumulated lactose-'4C or TMG-14C were extracted8 or applied directly to silica gel G thin-layer plates (Mann Biochemicals, N.Y.) which were then developed with chloroform:methanol:water (60:70:26, v/v/v). The plates were radioautographed and the Rf values of the radioactive spots compared to those of known standards.
Estimation of concentration ratio:
The ratio of intravesicular to external lactose concentrations was estimated by a method already described."
Materials. Lactose-1-'4C was obtained from Amersham/Searle and a-methyl-'4C-thiogalactoside was a product of New England Nuclear Corp. All chemicals used in these experiments were of reagent grade and were obtained from the usual commercial sources.
Results. Effect of D-lactate on lactose uptake: The effect of D-lactate on the initial rate of lactose uptake and the steady-state level of accumulation by isolated membranes from E. coli ML 308-225 is shown in Figure 1 . The addition of D-lactate stimulated the initial rate of transport 19-fold over controls incubated without D-lactate. The steady-state level of lactose accumulation was increased 10-fold by D-lactate. In 5 min membranes in the presence of D-lactate accumulated lactose to an intravesicular concentration about 30 times higher than that of the medium. It can also be seen that the addition of DNP results in the rapid loss of approximately 90% of the accumulated radioactivity. Over the time course indicated in Figure 1 more than 95% of the radioactivity accumulated in the membranes was recovered as unchanged lactose, and there was no detectible lactose-P at any of the times sampled. The rapid exit of lactose-1-'4C when excess unlabeled lactose was added is consistent with this observation.
Conversion of D-lactate to pyruvate: As indicated in Figure 2, Effect of various energy sources on lactose uptake by isolated membrane preparations from E. coli ML 308-225. Incubations were identical to those described in the legend of Fig. 1 Induction of D-lactate-coupled g-galactoside uptake: As shown in Figure 4 , membrane preparations from uninduced E. coli ML 30 took up very little lactose, nor was lactose uptake by these membranes stimulated by the addition of D-lactate. Membranes from ML 308-225 (y constitutive) grown on the same glycerol medium rapidly concentrated lactose in the presence of D-lactate. Membranes prepared from IPTG-induced ML 30 rapidly concentrated TMG in the presence of D-lactate as shown in Figure 5 . Again, as with lactose uptake (Fig. 4) , membranes from uninduced ML 30 took up very little TMG and Dlactate had no effect. The absence of D-lactate-coupled lactose or TMG uptake in uninduced ML 30 membranes is not caused by a defect in D-lactic dehydrogenase since induced and uninduced ML 30 membranes had the same l)-lactic dehydrogenase activity and concentrated proline to the same extent in the presence of D-lactate.
Dependence of uptake rates on external g-galactoside concentration: Initial rates of lactose uptake by isolated membranes from ML 308-225 as a function of increasing external lactose concentration is shown in Figure 6 . The initial rates of lactose uptake in the presence of D-lactate exhibit saturation kinetics and a Michaelis constant (K.) of 0.19 mM. Similar data for TMG uptake were also obtained (Fig. 7) , yielding a K. of 0.51 mM. Competition by sugars for lactose entry and exchange: The data presented in Table 2 indicate the relative capacity of various sugars to compete for the lactose uptake system of the membrane vesicles. When unlabeled sugars (0.2 or 2.0 mM) were added at the same time as lactose-1-'4C (0.2 mMn), only ,B-galactosides, melibiose, and galactose caused significant inhibition of lactose entry (columns 2 and 3). Similarly, only ,B-galactosides, melibiose, and galactose were effective in displacing lactose from preloaded membranes (column 4).
TMG uptake in GN-2 membranes: Previous work from this laboratory8 demonstrated that membrane preparations from E. coli GN-2, a mutant lacking enzyme I of the P-transferase system,'2 were unable to vectorially phosphorylate a-MG even in the presence of high concentrations of P-enolpyruvate. The data in Figure 8 indicate that GN-2 membranes, despite their inability to transport a-MG, rapidly concentrated TMG in the presence of D-lactate. As shown, GN-2 membranes exhibited a slightly higher intial rate of TMG uptake than induced ML 30 membranes (Fig. 5) . The latter vectorially phosphor-lated ax-MG normally (data not shown). It is especially noteworthy that D-lactate did not stimulate a-nMG uptake by any of the isolated membranes. Concentrations of P-enolpyruvate up to 0.1 M (which gave optimal rates of a-MG uptake) did not stimulate lactose or TMG uptake, nor was lactose-P or TMG-P detected in these experiments. Finally, membranes prepared from E. coli ML 308-225 failed to exhibit phosphatase activity towards TMdG-P, and the addition of lactose to ML 308-225 membranes incubated in the presence of 32P-enolpyruvate did not accelerate the appearance of 32io as might be expected if a lactose-P P-hydrolase were involved in this system. Effect of metabolic state on lactose uptake: As indicated in Table 3 , D-lactatecoupled lactose uptake by ML 308-225 membranes was inhibited 94% by exclusion of oxygen (line 2). Furthermore, the electron transport inhibitors azide Competition by various sugars for lactose uptake and exchange by ML 308-225 membranes. Incubations were the same as described in the legend of As also shown in Table 3 , arsenate inhibited m GN-2 D-lactate-coupled lactose uptake by only 30% despite concentrations as high as 50 mM (line 11). Experiments performed in phosphate-free media produced a similar degree of inhibition. The transport system was similarly insensitive to oligomycin (line 12).
Lactose transport by the membranes was inhibited by the sulfhydryl reagents N-ethylmaleimide and p-chloromercuribenzoate (lines 13 and 14) . This is consistent with similar findings with whole cells and the M protein. 14 -Discussion. The data presented here demonstrate the 13-galactoside transport in E.. coli membrane preparations is coupled to a membrane-bound D-lactic dehydrogenase via a respiratory chain. A similar system mediating the transport of a wide variety of amino acids has recently been reported. 6 The effect of D-lactate, DL-a-hydroxybutyrate, and succinate on lactose or TMG uptake by the membrane preparations clearly does not involve the Penolpyruvate-P-transferase system. This conclusion is supported by the observation that P-enolpyruvate failed to stimulate lactose transport in membrane preparations which readily utilized P-enolpyruvate for the transport of a-MGnor did D-lactate substitute for P-enolpyruvate in this system. Furthermore, membranes prepared from E. coli GN-2 (defective in enzyme I of the P-transferase system) which were completely unable to catalyze the vectorial phosphorylation of a-MG were fully capable of supporting D-lactate-coupled TMG accumulation.
Although the precise nature of the coupling of D-lactic dehydrogenase and succinic dehydrogenase to fl-galactoside transport is uncertain, the inhibitor studies presented in Table 3 provide a strong indication that an electron transfer chain mediates this coupling. Furthermore, the effect of D-lactate or succinate on 5-galactoside transport is apparently not exerted through the production of stable high-energy phosphate compounds. The lack of sensitivity of f3-galacto-'side transport to arsenate or oligomycin, the failure of added ATP to stimulate
